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EXPl- S MAIL NO. EL615486497US 



FUEL CELLS HAVING SILICON SUBSTRATES 
AND/OR SOL-GEL DERIVED SUPPORT STRUCTURES 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent 
5 Application No. 60/166,372 filed November 17, 1999; U.S. Provisional Patent 
Application No. 60/189,205 filed March 14, 2000, and; U.S. Provisional Patent 
Application No. 60/200,866 filed May 2, 2000; which provisional applications are 
incorporated herein by reference in their entireties. 

TECHNICAL FIELD 

10 The present invention relates generally to fuel cells and, more 

specifically, to fuej/ cells, electrode assemblies, and electrodes that comprise silicon 
substrates and/or sol-gel derived support structures, as well as to methods relating 
thereto. 



BACKGROUND OF THE INVENTION 

1 5 A fuel cell is an energy conversion device that consists essentially of two 

electrodes, an anode and a cathode, and an electrolyte that is interposed between the 
anode and cathode. Unlike a battery, fuel cell reactants are supplied externally rather 
than internally. Fuel cells operate by converting fuels, such as hydrogen or methanol, to 
electrical power through an electrochemical process rather than combustion. It does so 

20 by harnessing the electrons released from controlled oxidation-reduction reactions 
occurring on the surface of a catalyst. A fuel cell can produce electricity continuously 
so long as fuel is supplied from an outside source. 

In electrochemical fuel cells employing methanol as the fuel supplied to 
the anode, the electrochemical reactions are essentially as follows: first, a methanol 

25 molecule's carbon-hydrogen, and oxygen-hydrogen bonds are broken to generate 
electrons and protons; simultaneously, a water molecule's oxygen-hydrogen bond is 
also broken to generate an additional electron and proton. The carbon from the 
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methanol and the oxygen from the water combine to form carbon dioxide. Oxygen 
from air supplied to the cathode is reduced to anions with the addition of electrons. The 
ions formed at the anode and the cathode migrate through the interposing electrolyte 
and combine to form water. Thus, the electrochemical reactions of a direct methanol 
5 fuel cell (DMFC) are as follows: 

Anode: CH 3 OH + H 2 0 -> H + + e' + C0 2 £ 0 =0.04K vs. NHE (1) 
Cathode: 0 2 + H+ + e' -> H 2 0 E 0 = 1 23V vs. NHE (2) 

"Net CH,OH + 0 2 -+H 2 0 + C0 2 E 0 = 1.24V vs. NHE (3)~ 

^ } With respect to state-of-the-art fuels cells, electrode assemblies, and 

s^/ electrodes, several different configurations and structures have been contemplated. For 

10 example, numerous attempts have been made to construct fuel cells and electrode 
assemblies that utilize a solid polymer electrolyte (SPE) as an integral part of the 
electrode assembly (hence, the term membrane electrode assembly (MEA) has been 
coined). A significant problem, however, with DMFCs utilizing solid polymer 
electrolytes is a phenomenon known as "methanol crossover." As is depicted in 

15 Figure 1, methanol in conventional DMFCs has a tendency to cross-over from the anode 
to the cathode via diffusion (i.e., it migrates through the electrolyte), where it adsorbs 
onto the cathode catalyst and reacts with oxygen from the air resulting in a parasitic loss 
of methanol fuel and concomitant reduction in fuel cell voltage. Indeed, performance 
losses of 40-100 mV at a given current density have been observed at the cathode of 

20 DMFCs utilizing a direct methanol feed (Potje-Kamloth et al., Abstract No. 105, 
Extended Abstracts 92-2, 'Tall Meeting of the Electrochemical Society" (1992), (Kuver 
et al., J. Power Sources 52:11 (1994)). 

Exemplary solid polymer electrolyte DMFCs include those that have 
recently been developed by NASA's Jet Propulsion Laboratory (JPL). A detailed 

25 description of such JPL fuel cell designs may be found, for example, in U.S. Patent No. 
5,523,177 to Kosek et al, U.S. Patent No. 5,599,638 to Surampundi et al, U.S. Patent 
No. 5,773,162 to Surampundi et al, and U.S. Patent 5,945,231 to Narayanan et al 
Although the teachings associated with these patents have arguably advanced the art, the 



various membrane electrode assemblies (MEAs) disclosed therein do not eliminate the 
problem of methanol cross-over. 

Other attempts for reducing methanol cross-over in solid polymer 
electrolyte DMFCs include structural modifications of the central solid polymer 
5 membrane. Exemplary in this regard are the MEAs disclosed in U.S. Patent No. 
4,664,761 to Zupancic et al. (discloses proton-conducting membrane made of an 
interpenetrating polymer network), U.S. Patent No. 5,672,438 to Banarjee et al. 
(discloses proton-conducting laminated membrane), and U.S. Patent No. 5,919,583 to 
Grot et al (discloses proton-conducting membrane that includes an inorganic filler). 

10 Although the various MEA designs disclosed in these patents are able to reduce 
methanol cross-over to some degree, they nevertheless still have relatively high 
methanol permeabilities. 
^ In addition to methanol cross-over, another significant problem with 

state-of-the-art fuel cell designs (especially solid polymer electrolyte DMFC designs) is 

15 catalytic inefficiency. For example, conventional solid polymer electrolyte DMFC 
designs generally attempt to maximize the surface contact between the catalyst and the 
solid polymer electrolyte. In this regard, it is reportedly crucial to maximize the three- 
phase interface that exists between the catalyst, the solid polymer electrolyte membrane, 
and the reactants (that permeate through the solid polymer electrolyte); such a three- 

20 phase boundary is reportedly needed to enhance efficiency and electrical capacity. As a 
result, a primary objective of previous DMFC research has been to optimize catalyst use 
by maximizing the surface area of catalyst in contact with the solid polymer electrolyte 
(catalyst not in direct contact with the solid polymer electrolyte has been termed "non- 
reacting" catalyst). 

25 Thus, conventional methods for fabricating high-surface-area electro- 

catalytic electrodes for use with solid polymer electrolyte DMFCs generally include: 

(1) depositing on the surface of a solid polymer electrolyte either a porous metal film, a 
planar distributions of metal particles, or carbon supported catalyst powders; 

(2) embedding metal grids or meshes into the surface of a solid polymer electrolyte; or 
30 (3) embedding catalytically active components into the surface of a solid polymer 
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electrolyte. All of these conventional methods employ traditional electrocatalyst 
deposition techniques such as, for example, electroplating, sputtering and metal 
evaporation. As such, these methods generally result in catalyst loadings in excess of 
0.4 mg/cm 2 . A conventional state-of-the-art electrode assembly is shown in Figure 2A, 
5 and a conventional catalyst utilization scheme is shown in Figure 2B (wherein the three- 
phase interface between the catalyst, the membrane, and the reactants are shown). As 
shown in Figure 2A, an exemplary conventional state-of-the-art electrode assembly 200 
consists essentially of a graphite block 202 (that functions as a current collector and as a 
flow field), an interposing Teflon mask 204, a porous anode 206, a catalyzed membrane 

10 208 (with embedded catalyst particles), a porous cathode 210, a second interposing 
Teflon mask 212, and a graphite block 214, all of which are sandwiched together. The 
conventional fabrication techniques and materials associated with making such state-of- 
the art fuel cells are not generally amenable to miniaturization or mass production. 

Although significant progress has been made with respect to these and 

1 5 other fuel cell problems, there is still a need in the art for improved fuels cells, electrode 
assemblies, and electrodes. The present invention fulfills these needs and provides for 
further related advantages. 

SUMMARY OF THE INVENTION 

In brief, the present invention is directed fuels cells, electrode 

20 assemblies, and electrodes that comprise silicon substrates and/or sol-gel derived 
support structures, as well as to methods relating thereto. In one embodiment, the 
present invention is directed to an electrode assembly adapted for use with a fuel cell, 
wherein the electrode assembly comprises: an anode derived from a first planar silicon 
substrate; an electrolyte; a cathode derived from a second planar silicon substrate; 

25 wherein the anode and the cathode are spaced apart and substantially parallel to each 
other so as to define a spaced apart region (or an interstitial region), and wherein the 
electrolyte is interposed between the anode and the cathode. The first and second planar 
silicon substrates may be silicon wafers (n-type, p-type, doped, or nondoped). In 
addition, the electrode assembly may further comprise a blocking media that is 
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substantially impermeable to at least methanol and is substantially permeable to 
hydrogen atoms, wherein the blocking media is interposed between the anode and the 
cathode. The blocking media may be located anywhere within the spaced apart region; 
however, it is preferably integrally connected to the cathode. The blocking media may 
5 comprise a metallic membrane, and the blocking media may comprise palladium, 
niobium, tantalum, vanadium, or various combinations thereof. The blocking may even 
comprise a plurality of proton conducting plugs. 

The anode of the electrode assembly may have a plurality of etched or 
micromachined flow channels (for delivering a hydrogen or hydrocarbon fuel), and may 

10 have a plurality of porous regions wherein each of the plurality of porous regions 
contains a solid porous rectangular region having a volume of about 3 x 10" 4 cm 3 . In 
addition, the plurality of porous regions of the anode may be nanoporous, mesoporous, 
and/or macroporous, and may comprise an ordered or random array of parallel pores. In 
addition, the plurality of porous regions of the anode may contain anode pore surfaces, 

1 5 wherein the anode pore surfaces have a catalyst thereon. The catalyst may comprise a 
plurality of noncontiguous chemisorbed metallic particles; and the catalyst may be a 
chemisorbed bi-metallic catalyst derived from platinum and ruthenium percursors. 

The cathode of the electrode assembly may have a plurality of etched or 
micromachined flow channels (for delivering oxygen or air), and may have a plurality of 

20 porous regions that may be nanoporous, mesoporous, and/or macroporous, and may 
comprise a random array of sponge-like interconnected pores having an open cell 
structure. In addition, the plurality of porous regions of the cathode may contain 
cathode pore surfaces, wherein the cathode pore surfaces have a catalyst thereon. The 
catalyst may comprise a plurality of noncontiguous chemisorbed metallic particles; and 

25 the catalyst may be a chemisorbed metallic catalyst derived from platinum percursors. 

The electrolyte of the electrode assembly may comprise a solid polymer 
electrolyte such as, for example, a perfluorosulforiic polymer membrane. In addition, 
the anode pore surfaces having a catalyst thereon, may further include at least a portion 
of the electrolyte thereon, wherein the electrolyte may be a solid polymer electrolyte that 

30 has a thickness ranging from about 0.05 to about 0.5 microns. Similarly, the cathode 



6 

pore surfaces having a catalyst thereon, may also further include at least a portion of the 
electrolyte thereon, wherein the electrolyte may be a solid polymer electrolyte that has a 
thickness ranging from about 0.05 to about 0.5 microns. Still further, the electrolyte 
may comprise a first and second solid polymer electrolyte coating and an acid, wherein 
5 the first solid polymer electrolyte coating is on the anode, and wherein the second solid 
polymer electrolyte coating is on the cathode, and wherein the acid is contained in an 
organic fuel that flows through the anode and the spaced apart region. 

The organic fuel may comprise water and an alcohol selected from the 
group consisting ethanol, propanol, methanol, or a combination thereof, and the acid 
10 may be phosphoric acid, sulfuric acid, or a combination thereof. In addition, the organic 
fuel may be equal molar amounts of methanol and water together with the acid in 
amount of about 0.25 M. 

In another embodiment, the present invention is directed to an electrode 
assembly adapted for use with a fuel cell, wherein the fuel cell comprises: an anode 
1 5 derived from a first planar silicon substrate, wherein the anode has integrally associated 
therewith a plurality of anode sol-gel derived support structures; an electrolyte; a 
cathode derived from a second planar silicon substrate, wherein the cathode has 
integrally associated therewith a plurality of cathode sol-gel derived support structures; 
wherein the anode and the cathode are spaced apart and substantially parallel to each 
20 other so as to define a spaced apart region, and wherein the electrolyte is interposed 
between the anode and the cathode. This embodiment of the present invention is 
inclusive of all of the various aspects and features associated with the above-described 
non-sol-gel electrode assembly and need not be repeated here. 

The present invention is also directed to an electrode adapted for use 
25 with a fuel cell, wherein the electrode comprises a silicon substrate that functions as a 
current conductor, wherein the silicon substrate has a plurality of pores that define pore 
surfaces, wherein at least a portion of the pore surfaces have a catalyst thereon, wherein 
the catalyst is derived from one or more metallic precursors chemisorbed onto at least 
the pore surfaces. 
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The present invention is also directed to an electrode adapted for use 
with a fuel cell, wherein the fuel-cell comprises a sol-gel derived support structure that 
functions as a current conductor, wherein the sol-gel derived support structure has a 
plurality of pores that define pore surfaces, wherein at least a portion of the pore 
5 surfaces have a catalyst thereon, wherein the catalyst is derived from one or more 
metallic precursors chemisorbed onto at least the pore surfaces. 

The present invention is also directed to a hydrogen and/or hydrocarbon 
fuel cell that comprises any of the above-described electrodes and/or electrode 
assemblies. 

10 These and other aspects of the present invention will become more 

evident upon reference to following detailed description and attached drawings. It is to 
be understood that various changes, alterations, and substitutions may be made to the 
teachings contained herein without departing from the spirit and scope of the present 
invention. It is to be further understood that the drawings are illustrative (hence, not to 

1 5 scale) and symbolic of exemplary embodiments of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a membrane electrode assembly of a direct methanol 
fuel cell in accordance with the prior art. 

Figure 2A illustrates an exploded isometric view of a membrane 
20 electrode assembly in accordance with the prior art. 

Figure 2B illustrates a cross-sectional view of the three-phase interface 
between the catalyst, the membrane, and the reactants of a membrane electrode 
assembly in accordance with the prior art. 

Figure 3 illustrates an exploded isometric view of a fuel cell and its 
25 components in accordance with an embodiment of the present invention. 

Figure 4A illustrates a top view of a fuel cell in accordance with an 
embodiment of the present invention. 

Figure 4B illustrates a side view of the fuel cell shown in Figure 4A. 
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Figure 5 illustrates a schematic cross-sectional representation of an 
exemplary anodic etching cell that is useful for forming porous silicon substrates in 
accordance with an embodiment of the present invention. 

Figure 6A illustrates a cross-sectional view of an exemplary electrode 
5 assembly in accordance with an embodiment of the present invention, wherein the 
cross-sectional view has an exploded region that depicts a NAFION coating on a pore 
surface of a sol -gel derived support structure. 

Figure 6B illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention, wherein the 
10 cross-sectional view has an exploded region that depicts a NAFION coating on a pore 
surface of a porous silicon substrate. 

Figure 7A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention, wherein a planar 
anode and a planar cathode have porous silicon substrate regions, and wherein the 
15 planar anode and the planar cathode are attached to each other by a plurality of bridge 
members that span across a spaced apart region. 

Figure 7B illustrates a top view of the electrode assembly of Figure 7A. 

Figure 8A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention. 
20 Figure 8B illustrates a top view of the electrode assembly of Figure 8 A. 

Figure 9A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention, wherein a planar 
anode and a planar cathode have sol-gel derived support structure regions, and wherein 
the planar anode and the planar cathode are attached to each other by a plurality of 
25 bridge members that span across a spaced apart region. 

9 

Figure 9B illustrates a top view of the electrode assembly of Figure 9A. 
Figure 10A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention. 

Figure 10B illustrates a top view of the electrode assembly of Figure 

30 10A. 
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Figure 11A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention. 

Figure 1 IB illustrates a top view of the electrode assembly of Figure 

11 A. 

5 Figure 12A illustrates a cross-sectional view of an exemplary electrode 

assembly in accordance with an embodiment of the present invention. 

Figure 12B illustrates a top view of the electrode assembly of Figure 

12A. 

Figure 1 3 A illustrates a cross-sectional view of an exemplary electrode 
1 0 assembly in accordance with an embodiment of the present invention. 

Figure 13B illustrates a top view of the electrode assembly of Figure 

13A. 

Figure 14A illustrates a cross-sectional view of an exemplary electrode 
assembly in accordance with an embodiment of the present invention. 
15 Figure 14B illustrates a top view of the electrode assembly of Figure 

14A. 

Figure 1 5 illustrates a double sided polished silicon wafer. 

Figure 16 illustrates a silicon wafer having a 1,000 A layer of silicon 
nitride deposited on both sides. 
20 Figure 17 illustrates a silicon wafer having a 1,000 A layer of silicon 

nitride and a thin layer of hexamethy ldilazane deposited on both sides. 

Figure 18 illustrates a silicon wafer having a 1,000 A layer of silicon 
nitride and a thin layer of hexamethyldilazane deposited on both sides, as well as a thin 
layer of photoresist deposited on one side. 
25 Figure 19 illustrates a silicon wafer having a 1,000 A layer of silicon 

nitride and a thin layer of hexamethyldilazane deposited on both sides, as well as a thin 
layer of photoresist deposited on both sides. 

Figure 20 illustrates the transferring of a pattern onto a photoresist layer 
associated with a silicon wafer. 
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Figure 21 illustrates a silicon wafer having a developed photoresist layer 
removed therefrom. 

Figure 22 illustrates a silicon wafer having a nitride layer removed 

therefrom. 

5 Figure 23 illustrates a silicon wafer have a remaining layer of photoresist 

removed therefrom. 

Figure 24 illustrates a silicon wafer that has been selectively etched to 
form a plurality of channels. 

Figure 25 illustrates an etched silicon wafer having a thin layer of 
1 0 hexamethyldilazane deposited thereon. 

Figure 26 illustrates an etched silicon wafer having a thin layer of 
hexamethyldilazane and photoresist deposited thereon. 

Figure 27 illustrates the transferring of a pattern onto a photoresist layer 
associated with a silicon wafer. 
15 Figure 28 illustrates a silicon wafer having a developed photoresist layer 

removed therefrom. 

Figure 29 illustrates a silicon wafer having a nitride layer removed 

therefrom. 

Figure 30 illustrates a silicon wafer having a remaining layer of 
20 photoresist removed therefrom. 

Figure 31 illustrates a silicon wafer having a 500 nm layer of aluminum 
deposited thereon for an ohmic contact. 

Figure 32 illustrates a silicon wafer that has been selectively etched to 
form a plurality of porous silicon regions. 
25 Figure 33 illustrates a silicon wafer having an aluminum layer removed 

therefrom. 

Figure 34 illustrates a silicon wafer having a silicon nitride layer 
removed therefrom. 

Figure 35 illustrates the transferring of a pattern onto a photoresist layer 
30 associated with a silicon wafer. 
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Figure 36 illustrates a silicon wafer have a developed photoresist layer 
removed therefrom. 

Figure 37 illustrates a silicon wafer have a nitride layer removed 

therefrom. 

5 Figure 38 illustrates a silicon wafer have a remaining layer of photoresist 

removed therefrom. 

Figure 39 illustrates a silicon wafer having a 500 nm layer of aluminum 
deposited thereon for an ohmic contact. 

Figure 40 illustrates a silicon wafer that has been selectively etched to 
1 0 form a plurality of porous silicon regions. 

Figure 41 illustrates a silicon wafer having an aluminum layer removed 

therefrom. 

Figure 42 illustrates a silicon wafer having a silicon nitride layer 
removed therefrom. 

15 Figure 43 illustrates an etched silicon wafer having a thin layer of 

hexamethyldilazane deposited thereon. 

Figure 44 illustrates an etched silicon wafer having a thin layer of 
hexamethyldilazane and photoresist deposited thereon. 

Figure 45 illustrates the transferring of a pattern onto a photoresist layer 
20 associated with a silicon wafer. 

Figure 46 illustrates a silicon wafer having a developed photoresist layer 
removed therefrom. 

Figure 47 illustrates a silicon wafer having a palladium layer deposited 
thereon, wherein the palladium layer defines a plurality of palladium plugs aligned in 
25 rows across the silicon wafer. 

Figure 48 illustrates a silicon wafer having a remaining layer of 
photoresist removed therefrom. 

Figure 49 illustrates a silicon wafer having wafer having a plurality of 
etched channels and a plurality of porous regions, and having a wafer bonding material 
30 applied thereon. 
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Figure 50 illustrates an electrode assembly in accordance with an 
embodiment of the present invention. 

Figure 51 illustrates an electrode assembly in accordance with an 
embodiment of the present invention. 
5 Figure 52 illustrates a silicon wafer having a plurality of etched channels 

and a plurality of porous regions, and having a solid electrolyte coating applied thereon. 

Figure 53 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of porous regions together a palladium blocking layer, and having a solid 
electrolyte coating applied thereon. 
10 Figure 54 illustrates an electrode assembly in accordance with an 

embodiment of the present invention. 

Figure 55 illustrates a silicon wafer having a 1,000 A layer of silicon 
nitride and a thin layer of hexamethyldilazane deposited on one side and selectively 
deposited on the other side. 
15 Figure 56 illustrates a silicon wafer having a thin photoresist layer 

applied thereon. 

Figure 57 illustrates a silicon wafer having a thin photoresist layer 
applied thereon. 

Figure 58 illustrates a silicon wafer having a thin photoresist layer 

20 applied thereon. 

Figure 59 illustrates a silicon wafer having a developed photoresist layer 

removed therefrom. 

Figure 60 illustrates a silicon wafer having a nitride layer removed 

therefrom. 

25 Figure 61 illustrates a silicon wafer having a remaining layer of 

photoresist removed therefrom. 

Figure 62 illustrates a silicon wafer that has been selectively etched to 
form a plurality of channels. 

Figure 63 illustrates a silicon wafer having a remaining nitride layer 

30 removed therefrom. 
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Figure 64 illustrates a silicon wafer having a plurality of etched and 
having a sol-gel derived support structure cast into the plurality of etched channels. 

Figure 65 illustrates evaporation of a solvent associated with a silicon 
wafer having a plurality of etched and having a sol-gel derived support structure cast 
5 into the plurality of etched channels. 

Figure 66 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of regions that have a sol-gel derived support structure. 

Figure 67 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of regions that have a sol-gel derived support structure, and having a thin 
1 0 layer of hexamethyldilazane deposited thereon. 

Figure 68 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of regions that have a sol-gel derived support structure, and having a thin 
layer of hexamethyldilazane and photoresist deposited thereon. 

Figure 69 illustrates the transferring of a pattern onto a photoresist layer 
1 5 associated with a silicon wafer. 

Figure 70 illustrates a silicon wafer having a developed photoresist layer 
removed therefrom. 

Figure 71 illustrates a silicon wafer having a palladium layer deposited 
thereon, wherein the palladium layer defines a plurality of palladium plugs aligned in 
20 rows across the silicon wafer. 

Figure 72 illustrates a silicon wafer have a remaining layer of photoresist 
removed therefrom. 

Figure 73 illustrates a silicon wafer having wafer having a plurality of 
etched channels and a plurality of porous regions, and having a wafer bonding material 
25 applied thereon. 

Figure 74 illustrates an electrode assembly in accordance with an 
embodiment of the present invention. 

Figure 75 illustrates an electrode assembly in accordance with an 
embodiment of the present invention. 



14 

Figure 76 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of porous regions, and having a solid electrolyte coating applied thereon. 

Figure 77 illustrates a silicon wafer having a plurality of etched channels 
and a plurality of porous regions together a palladium blocking layer, and having a solid 
5 electrolyte coating applied thereon. 

Figure 78 illustrates an electrode assembly in accordance with an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to fuels cells, electrode assemblies, and 

10 electrodes that comprise silicon and/or sol-gel derived support structures, as well as to 
methods relating thereto. In one embodiment, the present invention is directed to an 
electrode assembly adapted for use with a fuel cell, wherein the electrode assembly 
comprises: an anode made from a silicon substrate; an electrolyte; a cathode made from 
a silicon substrate; and an optional blocking or barrier layer (also referred to herein as a 

15 blocking media) that is substantially impermeable to at least methanol and is 
substantially permeable to hydrogen atoms (protons); wherein the electrolyte and the 
blocking or barrier layer (blocking media) are interposed between the anode and the 
cathode. In other embodiments, the present invention is directed to an electrode adapted 
for use with a fuel cell, wherein the electrode comprises a silicon substrate and/or a sol- 

20 gel derived support structure that functions as a current conductor, and wherein the 
silicon substrate and/or a sol-gel derived support structure has a plurality of pores that 
define pore surfaces, and wherein at least a portion of the pore surfaces have a catalyst 
thereon. Although many specific details of certain embodiments of the present 
invention are set forth in the following detailed description and accompanying 

25 drawings, those skilled in the art will recognize that the invention may have additional 
embodiments, or that the invention may be practiced without several of the details 
described herein. 

Thus, and in one embodiment as shown in Figure 3, the present 
invention is directed to a fuel cell 300 that includes an electrode assembly 302. The 
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electrode assembly (shown without an interposing electrolyte) includes an anode 304 
and a cathode 306 that are separated apart from each other, but are connected together 
via a bonding structure 308. The anode 304 and the cathode 306 may both be derived 
from planar silicon substrates or wafers that are commonly used in the semiconductor 
5 industry. As shown, the anode 304 has two etched or micromachined flow channels 
310 that are separated from each other by a first flow barrier 312. In addition, the anode 
has two active regions 314 (one of which is hidden) that are also separated from each 
other by the first flow barrier 312. The active regions may be catalytically enhanced 
porous silicon and/or a sol-gel derived support structure. Finally, the anode 304 has 

1 0 adjacent thereto a flow channel cover 3 1 6 that encloses the two flow channels 3 1 0. 

As further shown, the cathode 306 also has two etched or micromachined 
flow channels 318 that are separated from each other by a second flow barrier (hidden). 
In addition, the cathode has two active regions (both of which is hidden) that are also 
separated from each other by the second flow barrier. The active regions may be 

15 catalytically enhanced porous silicon and/or a sol-gel derived support structure. Also 
included as part of the cathode is a blocking media 320 that is substantially permeable 
to hydrogen atoms and is substantially impermeable to all other molecules. Finally, the 
cathode 306 has adjacent thereto a flow channel cover 322 that encloses the two flow 
channels 318. Figure 4A and 4B show proximate dimensions in microns of the above- 

20 described exemplary fuel cell; however, it is to be understood that various other 
dimensions and configurations are within the scope of the present invention. The 
materials and methods of construction of such a fuel cell a more fully described herein; 
moreover, such a fuel cell is operational with hydrogen or a hydrocarbon fuel (supplied 
to the anode) and air (supplied to the cathode). 

25 In the several embodiments set forth herein, the inventive fuel cells, 

electrode assemblies, and electrodes are based, in large part, on novel substrates and 
support structures that are particularly useful for carrying a catalyst. In this regard, the 
substrates and support structures disclosed herein principally include silicon substrates, 
sol-gel derived support structures, and combinations thereof. In particular, it has been 

30 discovered that these types of substrates and/or support structures are useful as 
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electrodes for fuel cells (especially for micro-scale direct methanol fuel cells), mainly 
because such substrates and/or support structures are able to provide a high surface area 
to bulk volume ratio, have good mechanical strength, and are compatible with thin/thick 
films that are often needed for making selected electrical connections. Because of these 

5 physical characteristics, among others, and because such substrates and/or support 
structures are amenable to micro-fabrication techniques, the electrodes, electrode 
assemblies, and fuel cells of the present invention are useful for the manufacture of 
small-scale portable power generating devices - portable power devices capable of 
delivering up to 200 Watts of power. 

10 Accordingly, and without limitation to any particular methodology, the 

novel silicon substrates disclosed herein may be made by utilizing standard 
microelectronic processes such as, for example, alkaline etching, plasma etching, 
lithography, electroplating, as well as electrochemical pore formation on silicon 
substrates. In this way, a silicon substrate useful for carrying a catalyst may be 

15 produced, wherein the silicon substrate may have any number of pores and pore sizes 
such as, for example, random and ordered pore arrays - including pore arrays having 
selected pore diameters, depths, and distances relative to one another. Similarly, the 
novel sol-gel derived support structures may be made by conventional sol-gel 
processing techniques, wherein the sol-gel derived support structures may have any 

20 number of pores, pore sizes, and/or pore structures. In short, the present invention is 
inclusive of all silicon substrates and sol-gel derived support structures, including 
combinations thereof, that have any number of possible porosities and/or void spaces 
associated therewith. 

In addition to (1) silicon substrates and (2) sol-gel derived support 

25 structures made by microelectronic and sol-gel processes, other aspects of the present 
invention relate to the incorporation of (3) metallic catalysts on and/or within the silicon 
substrate and/or sol-gel derived support structures, (4) blocking or barrier layers 
associated with the silicon and/or sol-gel derived support structures, wherein the 
blocking or barrier layers selectively allow for the transport of hydrogen atoms or 
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protons while blocking substantially all other molecules, and (5) electrolyte utilization 
schemes. 

For purposes of clarity and to better enable those skilled in the art to 
practice the present invention, each of the above-enumerated aspects are more fully 
5 described in each of the following sub-sections. 

1 . Silicon Support Structures 

As noted above, an aspect of the present invention relates to the use of a 
silicon substrate for carrying a catalyst, wherein the silicon substrate together with the 

10 catalyst serve as an electrode of a fuel cell. Thus, and in one aspect, the present 
invention is directed to an electrode made from a porous silicon substrate. In this 
regard, porous silicon substrates (and/or support structures) may be formed by silicon 
micro-machining and/or wet chemical techniques (employed by the semiconductor 
industry) such as, for example, anodic polarization of silicon in hydrofluoric acid. As is 

15 appreciated by those skilled in the art, the anodic polarization of silicon in hydrofluoric 
acid (HF) is a chemical dissolution technique and is generally referred to as HF anodic 
etching; this technique has been used in the semiconductor industry for wafer thinning, 
polishing, and the manufacture of thick porous silicon films, (see, e.g., Eijkel, et al., "A 
New Technology for Micromachining of Silicon: Dopant Selective HF Anodic Etching 

20 for the Realization of Low-Doped Monocrystalline Silicon Structures," IEEE Electron 
Device Ltrs., 1 1(12):588-589 (1990)). In the context of the present invention, it is to be 
understood that the porous silicon may be microporous silicon (i.e., average pore size < 
2 nm), mesaporous silicon (i.e., average pore size of 2 nm to 50 nm), or microporous 
silicon (i.e., average pore size > 50 nm), 

25 More specifically, porous silicon substrates useful in the context of the 

present invention may be formed by a photoelectrochemical HF anodic etching 
technique, wherein selected oxidation-dissolution of silicon occurs under a controlled 
current density, (see, e.g., Levy-Clement et al., "Porous n-silicon Produced by 
Photoelectrochemical Etching," Applied Surface Science, 65/66: 408-414 (1993); M.J. 

30 Eddowes, "Photoelectrochemical Etching of Three-Dimensional Structures in Silicon," 
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J. of Electrochem. Soc, 737(1 1):35 14-3516 (1990).) An advantage of this relatively 
more sophisticated technique over others is that it is largely independent of the different 
principal crystallographic planes associated with single-crystal silicon wafers (whereas 
most anisotropic wet chemical etching methods have very significant differences in 
5 rates of etching along the different principal crystallographic planes). The 
photoelectrochemical HF anodic etching of n-type silicon, for example, depends upon, 
among other things, the existence of holes (h + ) at or near the silicon surface/solution 
interface. As is appreciated by those skilled in the art, such holes may be generated by 
illumination of the silicon surface (n-type); and the holes' transport or flux to the 

10 silicon/solution interface may be controlled by an applied potential bias (together with 
its associated electric field). Once at or near the silicon/solution interface, the 
photo generated holes may take part in oxidation-reduction reactions with surface atoms. 
In a suitable electrolyte HF solution, oxidation-reduction will be followed by 
dissolution of the oxidation product such that etching will proceed. (Note that for p- 

15 type silicon, holes are readily available so there is generally no need for photo- 
illumination.) 

Several chemical oxidation-dissolution models have been reported to 
explain the reaction mechanism that occurs during the electrochemical HF anodic 
etching of silicon. Perhaps, the most popular model is the one proposed by Lehmann 
20 and Gosele. (Lehmann et al., "Porous Silicon Formation: A Quantum Wire Effect," 
Applied Physics Letter, 55(8)856-858 (1991)). The mechanism proposed by Lehmann 
and Gosele is schematically depicted below in chemical equation (4). 
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According to the Lehmann and Gosele model as represented by chemical equation (4), 
silicon, when immersed in a HF solution, will form a Si-H bond on the surface. The 
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holes and their transport to or near the silicon surface/solution interface (caused by 
supplying a voltage together UV illumination for n-type silicon) reduces the strength of 
the Si-H bonds thereby allowing formation of Si-F 2 , which, in turn, results in a 
weakening of the Si-Si bonds. Hydrofluoric acid form the solution then causes the 
5 weakened Si-Si bond to break, thereby causing the formation of SiF 4 , which, in turn, 
goes into the surrounding solution. 

In order to form porous silicon substrates by a photoelectrochemical HF 
anodic etching technique as described above (and in the context of the present 
invention), it is necessary to either obtain or construct an anodic etching cell. In this 

10 regard, a suitable anodic etching cell may be obtained commercially from Advanced 
Micromachining Tools GmbH (Frankenthal, Germany). Alternatively, an appropriate 
anodic etching cell may be constructed. 

A schematic cross-sectional representation of an exemplary anodic 
etching cell that may be constructed has been provided as Figure 5. Although not 

15 depicted, the anodic etching cell 200 should have sealing capabilities so as to 
prevent/minimize release of the electrolyte 202 into the environment, and should be 
adapted so as to accommodate substrate size changes. Moreover, the anodic etching 
cell 200 should be coated or made of HF resistant parts (e.g., HDPE or Teflon). As 
shown, an electrical/ohmic connection 204 may be located on the backside of a secured 

20 substrate 206 via a metal plate 208 (preferably made of aluminum or brass). As further 
shown, the electrical/ohmic connection 204 on the backside of the secured substrate 206 
is preferably configured to allow a uniform distribution of voltage (a uniform 
distribution of voltage results in uniformity with respect to pore dimensions across the 
face of secured substrate 206). 

25 The anodic etching cell 200 should be of a standard three electrode 

arrangement so as to include a reference electrode 210, a counter electrode 204, and a 
working electrode (which corresponds to the metal plate 208). In this regard, a platinum 
screen may be used as a reference electrode 210. Finally, illumination is provided (for 
n-type silicon hole generation is not dependent on UV by photon flux from incident 

30 light) by a light source 214 (such as a halogen lamp) with an attached optical 
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interference filter 216, and the potential may be applied and controlled via a personal 
computer 217 and an external power supply (not shown). 

2. Sol-gel Derived Support Structures 
5 As noted above, an aspect of the present invention relates to the use of a 

sol-gel derived support structure for carrying a catalyst, wherein the sol-gel derived 
support structure together with the catalyst serve as an electrode of a fuel cell. Thus, 
and in one aspect, the present invention is directed to an electrode made from a sol-gel 
derived support structure (optionally integrated together with a silicon substrate). As is 

10 appreciated by those skilled in the art, sol-gel processes are a way to make dispersed 
ceramic materials through the growth of metal oxo polymers in a solvent, (see, 
e.g., Brinker et al., "Sol-Gel Science, the Physics and Chemistry of Sol-Gel 
Processing," Academic (1990).) The chemistry associated with sol-gel processes is 
based on inorganic polymerization reactions. In this regard, metal oxo polymers may be 

1 5 obtained through hydrolysis and condensation of molecular precursors such as metal 
alkoxides M(OR) z (wherein M = Si, Ti, Al, Zr, V, W, Ir, Mn, Mo, Re, Rh, Nb, Ni, Sr, 
Ba, Ta, Mg, Co; OR is an alkoxy group and Z is the valence or oxidation state of the 
metal) (Sanchez et al., "Inorganic and Organometallic Polymers with Special 
Properties," Nato ASI Series (Laine R. M., Ed.), 206:261 (1992)). 

20 The reaction proceeds first through the hydroxylation of metal alkoxides, 

which occurs upon the hydrolysis of alkoxy groups as follows: 

M -OR + H 2 0 -> M - OH + ROH (5) 

25 The mechanism occurs in three steps: (a) nucleophilic attack of the metal M by the 
oxygen atom of a water molecule; (b) transfer of a proton from the water to an OR 
group of the metal; and (c) release of the resulting ROH molecule (Livage et al., "Sol- 
Gel Chemistry of Transition-Metal Oxides," Progress in Solid State Chemistry, 
7<?(4):259-341 (1988)). 

30 As soon as reactive hydroxy groups are generated, the formation of 

branched oligomers and polymers with a metal oxo based skeleton and reactive residual 
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hydroxo and alkoxy groups occurs through a polycondensation process. Depending on 
experimental conditions, two competitive mechanisms have been described, namely, 
oxolation and olation. 

Oxolation involves the formation of oxygen bridges as follows: 

5 

M-OH + M-OX -+M-0-M + XOH (6) 

(X = H or alkyl group) 

As with hydrolysis, oxolation is a three step nucleophilic substitution 

10 reaction which occurs through the elimination of H 2 0 or ROH. Generally, under a 
stoichiometric hydrolysis ratio (/f=H 2 0/M < 2) the alcohol producing condensation is 
favored, whereas the water forming condensation is favored for larger hydrolysis ratio 
(h » 2) (Brinker et al., "Sol-Gel Science, the Physics and Chemistry of Sol-Gel 
Processing," Academic (1990)). 

1 5 Olation, on the other hand, involves the formation of hydroxo bridges as 

follows: 

M-OH + HO-M -+M-{OH) 2 -M (7) 

20 Olation is a nucleophilic addition reaction that can take place when the 

coordination of the metallic center is not fully satisfied (N-Z>0). The hydroxo' 
nucleophilic group enters the unsaturated coordination sphere of the metal. This 
reaction does not need the proton transfer described above (step b) and the removal of a 
leaving group (step c). Consequently, the kinetics of olation are usually faster than 

25 those of oxolation because steps b and c are not necessary (Sanchez et al., "Inorganic 
and Organometallic Polymers with Special Properties/' Nato ASI Series (Laine R. M., 
Ed.), 20(5:267(1992)). 

In accordance with an aspect of the present invention, these three 
reactions (hydrolysis, oxolation and olation) may all be involved in the transformation 

30 of a metal alkoxide precursor into a metal oxo macromolecular network, where such a 
metal oxo macromolecular network is referred to herein as a sol-gel derived support 
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structure. The exact structure and morphology of such a sol-gel derived support 
structure generally depends on the relative contribution of each of these reactions. 

In an exemplary embodiment of the present invention, a sol-gel derived 
support structure comprising platinum ruthenium dioxide (Pt-Ru0 2 ) may be cast into 
5 etched or micromachined trenches, channels, and/or pits of a silicon substrate, wherein 
the sol-gel derived support structure combined with silicon substrate and a catalyst 
serves as an electrode of a fuel cell An exemplary platinum-ruthenium oxide precursor 
solution useful for this purpose may be prepared, for example, by mixing 
hexachloroplatinic acid (H 2 PtCl 6 xH 2 0), ruthenium nitrosyl nitrate 

10 (Ru(NO)(N0 3 ) x (OH) 3 -x) with nitric acid (HN0 3 ), ethyl alchohol (C 2 H 5 OH), and DI 
water.- The solution may be refluxed under vigorous stirring at ~ 60°C for ~ 1 hr to 
yield a nominal molar ratio of 1 : 0.5 : 5 : 0.08 : 20 of H 2 PtCl 6 xH 2 0 : 
Ru(NO)(N0 3 ) x (OH) 3 _ x : H 2 0 : HN0 3 : C 2 H 5 OH. (Chemicals are commercially available 
from Aldrich Chemical Company, Inc., Milwaukee, Wisconson.) 

15 Alternatively, an exemplary ruthenium dioxide precursor solution may 

be prepared, for example, by dissolving ruthenium chloride hydate RuCl 3 XH 2 0 in a 
mixture of ethyl alcohol, nitric acid, and DI water. The solution may be refluxed under 
vigorous stirring at ~ 60°C for ~ lhr to yield a nominal molar ratio of 1 : 20 : 5 : 0.08 of 
RuCl 3 XH 2 0 : C 2 H 5 OH : H 2 0 : HN0 3 (optionally, a 10 wt% ruthenium (IV) oxide sub- 

20 micron particles may then be dispersed into the precursor solution). (Chemicals are 
commercially available from Aldrich Chemical Company, Inc., Milwaukee, 
Wisconson.) 

Alternatively, an exemplary aluminum oxide precursor solution may 
prepared by mixing aluminum sec-butoxide (A1[0(CH 3 )CHC 2 H 5 ] 3 ), hydrochloric acid 
25 (HC1), ethyl alchohol (C 2 H 5 OH), and DI water. The solution may be refluxed under 
vigorous stirring at ~ 60°C for - lhr to yield a nominal molar ratio of 1 : 0.5 : 20 : 40 of 
A1[0(CH 3 )CHC 2 H 5 ] 3 : HC1 : C 2 H 5 OH : H 2 0. (Chemicals are commercially available 
from Aldrich Chemical Company, Inc., Milwaukee, Wisconson.) 

Alternatively, an exemplary vanadium pentoxide precursor solution may 
30 be prepared by mixing vanadyl triisopropoxide (VO(OC 3 H 7 ) 3 ), ethyl alchohol 
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(C 2 H 5 OH), and DI water. The solution will be refluxed under vigorous stirring at ~ 
60°C for ~ lhr to yield a nominal molar ratio of 1 : 15 : 30 of VO(OC 3 H 7 ) 3 : CH3OCH3 
: H 2 0. (Chemicals are commercially available from Aldrich Chemical Company, Inc., 
Milwaukee, Wisconson.) 

5 

3. Metallic Catalysts 

As noted above, an aspect of the present invention relates to a metallic 
catalyst carried on a silicon substrate and/or a sol-gel derived support structure, wherein 
the catalyst facilitates oxidation-reduction reactions of a fuel (e.g., hydrogen or 

10 methanol) or an oxidant (e.g., oxygen from the air), which reactions occur on each 
respective electrode of a fuel cell electrode assembly during operation of the fuel cell. 
In this regard, it is to be understood that the catalyst may be carried on the surface or 
face of the silicon substrate; and/or the catalyst may be carried on the pore surfaces 
(i.e., within the bulk matrix of the substrate or support structure) of either a porous 

15 silicon substrate or a sol-gel derived support structure (wherein the pore surfaces are 
also referred to herein as active regions). 

Unlike traditional electrocatalyst deposition methods such as, for 
example, electroplating, sputtering and metal evaporation (which methods have all been 
used in conjunction with known fuel cell electrodes), the metallic catalyst aspect of 

20 present invention contemplates the use of novel surface organometallic chemistry 
techniques to form a noncontiguous metallic and/or bi-metallic catalyst layer on or 
within a silicon substrate or sol-gel derived support structure (i.e., the active regions). 
The formation of such a noncontiguous metallic and/or bi-metallic catalyst layer by the 
use of surface organometallic chemistry techniques provides for an extremely efficient 

25 use of the catalyst (thereby resulting in significant cost savings), and allows for 
dispersion of the catalyst throughout the bulk matrix of the substrate and/or support 
structure (thereby enhancing the oxidation-reactions occurring thereon). 

In the context of direct methanol fuel cells, for example, it is known that 
platinum provides one of the best surfaces for the dissociative adsorption of methanol. 

30 However, at potentials required for methanol electrooxidation, the -C=0 intermediates 
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formed during the complete oxidation process are relatively stable on the surface, and as 
a result they tend to poison the catalyst by blocking the adsorption sites. This tendency 
may be avoided, to some extent, by the addition of certain other metal additives so as to 
decrease the stability of the -OO on the surface (and in so doing, it is believed that 
5 such metal additives may facilitate the overall oxidation-reduction process). Thus, 
several mixed metal catalysts may be used (i.e., combinations of one ore more noble 
metals) and are thus considered to be within the scope of the present invention; 
however, a bi-metallic platinum :ruthenium catalyst is a particularly active bi-metallic 
catalyst and is therefore preferred (at least with respect to the anode). 

10 As is appreciated by those skilled in the art, the reaction of selected 

organometallic percursors with exposed surface atoms is one way to deposit or 
chemisorb a metallic catalyst. For example, the surface of a silicon substrate (including 
its pore surfaces) may be oxidized by exposure to air and water vapor at slightly 
elevated temperatures, thereby causing the surface to be covered with hydroxyl groups 

15 (Si-OH). These surface hydroxyl groups are active sites, and therefore may be used as 
the starting point for chemisorbing catalysts thereon via surface organometallic 
chemistry techniques. For example, the reaction of selected organometallic precursors 
with surface hydroxyl groups causes the chemisorption of surface supported molecular 
analogues thereof, which upon reduction gives rise to chemisorbed metallic 

20 nanoparticles having very small size distributions. Such methodologies are amenable to 
not only silicon surfaces, but are also well suited for deposition onto bulk oxides such 
as, for example, the various sol-gel derived support structures of the present invention. 
For purposes of clarity, the terms "chemisorb" and "chemisorption" are to have 
meanings as understood by those skilled in the art of surface organometallic chemistry; 

25 and as such, these terms refer to molecules held to a surface by forces of the same 
general type as those occurring between bound atoms in molecules. Moreover, the heat 
evolved per mole of chemisorbed material is usually comparable to that evolved in 
chemical bonding, namely, about 100-500 kJ. (Laidler et al., "Physical Chemistry," 
Benjamin/Cummings Publishing Company, Inc. (1982).) 
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In an exemplary embodiment of the present invention, a noncontiguous 
bi-metallic layer of platinum and ruthenium may be chemisorbed on and/or within a 
nonporous/porous silicon substrate by selective use of platinum and ruthenium 
precursors. For example, a silicon substrate may be immersed, under basic conditions 
(pH 8.5), into an aqueous ammonia solution of tetraamineplatinum(II) hydroxide 
hydrate, [Pt(NH3) 4 ](OH) 2 -xH 2 0, (commercially available from Strem Chemicals, Inc., 
Newburyport, Maine) and stirred for a selected period of time, thereby causing 
formation of a platinum complex in accordance with chemical equation (8): 
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After washing with cold water, the silicon substrate may then be calcined in air to 
remove the remainder of the ligands from the platinum. This step may be done under a 
slow temperature ramp, 25-400°C, over a selected period of time, as is shown in 
1 5 chemical equation (9). 
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20 In general, the slower the temperature is increased, the smaller the size of the 
chemisorbed platinum particles (i.e., greater surface area, and narrower size 
distribution). (Humblot et al., "Surface Organometallic Chemistry on Metals: 
Formation of a Stable Sn(n-C4H9) Fragment as a Precursor of Surface Alloy Obtained 
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by Stepwise Hydrogenolysis of Sn(i>C4H9)(4) on a Platinum Particle Supported on 
Silica," J. Am. Chem. Soc, 720(1):137-146 (1998); and Humblot et al., "Surface 
Organometallic Chemistry on Metals: Selective Dehydrogenation of Isobutane into 
Isobutene on Bimetallic Catalysts Prepared by Reaction of Tetra-n-Butyltin on Silica- 
5 Supported Platinum Catalyst," J. CataL, 77P(2):458-468 (1998).). 

Next, and after the silicon substrate has reached room temperature, it 
may then be immersed, under basic conditions (pH 8.5), into an aqueous ammonia 
solution of hexamineruthenium(III) chloride, [Ru(NH 3 ) 6 ]Cl3 (commercially available 
from Strem Chemicals, Inc., Newburyport, Maine), and stirred for a selected period of 
10 time, thereby causing formation of a ruthenium complex in accordance with chemical 
equation (10). 



OH C1 2 [(H 3 N) 6 RurO 

H(y ^ [Ru(NH 3 ) 6 ]CI 3 C1 2 [(H 3 N) 6 Ru]-0y^ ^< 

f Pt VOH f P{ V0'[Ru(NH 3 ) 6 ]C! 2 

f H °VV r ci^Ruro H °VV r uiNm 

15 Finally, the catalyst may be reduced under flowing Hb at 400°C (1% in nitrogen) to form 
a mixed platinum ruthenium catalyst in accordance with chemical equation (11). 

CI 2 [(H 3 N) 6 Ru]-0 

^-sj 0*[Ru(NH 3 ) 6 ]CI 2 

CI 2 [(H 3 N) 6 Ru]-0./^ ^< l)400°Cair 

( pt Vo-[Ru(NH 3 ) 6 ]CI 2 2)4Q0 Q C H 2> 

Cl 2 [(H 3 N) 6 Rur0 HO VV f [RU(NH3)6ia2 3)2 °°° Cair 

^77^777 

Pt:Ru=l:l (11) 

20 Furthermore, the previously described techniques are not limited to the 

silicon substrate but can also be used for the deposition of catalyst onto the sol-gel 
support structure. For example, a ruthenium dioxide sol-gel substrate can be immersed 
in an aqueous ammonia solution of tetraamineplatinum(II) hydroxide hydrate as 
described above resulting in the formation of a surface bound platinum complex, 

25 equation (12). 
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After washing with cold water, the ruthenium dioxide substrate may then 
be calcined in air to remove the remainder of the ligands from the platinum. This step 
may be done under a slow temperature ramp, 25-400oC, over a selected period of time. 
The catalyst may then be reduced under flowing H 2 at 400°C (1% in nitrogen) to reduce 
the platinum followed by heating at 200°C in air to ensure the surface of the ruthenium 
dioxide is fully oxidized, equation (13). 
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4. Blocking Layer for Selective Transport of Protons 
As noted above, an aspect of the present invention relates to the use of a 
blocking or barrier layer in association with a silicon substrate and/or a sol-gel derived 
15 support structure, wherein the blocking or barrier layer selectively allows for the 
transport of hydrogen atoms or protons while blocking substantially all other molecules. 
In particular, this aspect of the invention enjoys significant utility with respect to 
preventing "methanol cross-over," which phenomena commonly occurs in electrode 
assemblies of DMFCs (wherein the methanol has a tendency to cross-over from the 
20 anode to the cathode). 

Thus, and in one aspect, the electrodes, electrode assemblies, and fuel 
cells of the present invention may optionally include a metallic membrane that is useful 
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for selectively separating specific chemical species from a mixture adjacent to the 
membrane. In the context of electrodes and electrode assemblies adapted for use with a 
DMFC, the metallic film is useful for separating hydrogen from a mixture of water, 
methanol and hydrogen ions, wherein the mixture resides within an adjacent matrix of 
5 an acidic polymer electrolyte. As is appreciated by those skilled in the art, the transport 
mechanism for such a system may be stated as follows: 

1 . Hydrogen ions diffuse via the polymer electrolyte to the surface 
of the methanol barrier. 
10 2. The hydrogen ions adsorb to the surface of the methanol barrier. 

3. The hydrogen ions gain an electron from the metallic electron 
cloud and transfers from an adsorbed state on the surface of the 
film to an absorbed state within the crystalline matrix of the film. 

4. The hydrogen atom diffuses through the crystalline matrix by 
15 jumping from interstitial site to interstitial site in a manner 

similar to the Brownian diffusion of molecules through a fluid. 

5. The hydrogen atom reaches the surface of the thin film on the 
side opposite of where it entered, loses an electron to the electron 
cloud of the metallic film and changes from the absorbed state 

20 within the crystalline matrix to the adsorbed state on the surface. 

6. The hydrogen ion desorbs from the surface of the methanol 
barrier into the polymer electrolyte. 

7. The hydrogen ion diffuses away from the methanol barrier via the 
polymer electrolyte. 

25 

The rate-limiting steps associated with such a transport mechanism are 
believed to be the electron transfer steps and the bulk diffusion step. In this regard, the 
diffusion of hydrogen through the crystalline matrix of the methanol barrier is known as 
the Bulk Diffusion step. The rate at which hydrogen diffuses through the matrix is 
30 largely controlled by the concentration gradient across the membrane, the thickness of 
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5 



the membrane, and the diffusion coefficient of the membrane as set forth below in the 
following equation (14): 

yy= D r( C ou< " C in) (14) 
5 

wherein 

N Hydrogen flux through the membrane ccH2/cm 2 ■ sec 

Dj Hydrogen diffusivity for a given membrane at a cm2/sec 

given temperature 

C 0 ut Concentration of hydrogen in the membrane ccH2/ccMetal 

materials on the inlet side of the membrane 

Cin Concentration of hydrogen in the membrane ccH2/ccMetal 

material on the outlet side of the membrane 

5 Thickness of the metal membrane cm 



Accordingly, the greater the concentration difference between the inlet 
and outlet side of the membrane, the greater the hydrogen flux. In a methanol blocking 

10 system, the concentration at the inlet and outlet are generally affected only by the 
concentration of hydrogen ions in the electrolyte, wherein the electrolyte resides on 
either side of the membrane (however, it is to be understood that the membrane may be 
integral with either electrode). Thus, the thinner the membrane, the greater the 
hydrogen flux. The diffusivity of the membrane is largely controlled by the 

15 membrane's composition and temperature (the diffusivity of the membrane increases 
with increasing operating temperature). Materials that typically have high rates of bulk 
diffusion include the noble metal palladium and the transition metals vanadium, 
niobium and tantalum. 

The rate at which the electron transfer step proceeds is related to the total 

20 amount of surface area available for the electron transfer to occur, the suitability of the 
surface for the electron transfer reaction, and the temperature of the surface. The 
electron transfer reaction generally only occurs at specific locations on a membrane 
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surface. These reactions sites have a set density depending on how the surface of the 
membrane is prepared. The greater the surface area of the membrane the greater the 
total number of reactions sites where electron transfer can occur. In order to facilitate 
the electron transfer reactions, electrons from the metallic membrane need to be readily 
5 available. In order for this to occur, the surface of the membrane is preferably a metal 
with minimal adsorbed contaminants or oxide deposits. In general, increasing the 
temperature of the reaction system causes an increase of the rate at which the electron 
transfer reactions occur. In this regard, vanadium, niobium and tantalum all have bulk 
diffusion rates higher than that of palladium at similar temperatures; however, these 

10 metals all readily form layers of tightly bound oxides that greatly inhibit the electron 
transfer reaction. As a result, and although the bulk diffusion rate is greater in these 
metals, the actual rate of diffusion through these metals is much lower than a 
comparable palladium film under the same operating conditions. 

In order to incorporate the high diffusion rates and relatively lower cost 

15 of the transition metals with the fast electron transfer reaction rate of palladium, a 
layered membrane structure may be formed. This structure generally comprises a 
central transition metal diffusion layer, such as vanadium, together with a thin 
palladium surface reaction layer on either side. Such a metallic membrane may be 
either be a solid self-supported metallic film, or it may be deposited into a porous 

20 matrix (e.g., porous silicon substrates and/or sol-gel derived support structures). 

In the context of the present invention, there are several different 
methods are available for depositing a metallic membrane layer (depending on the 
material being deposited and the structure of the underlying substrate). In the case of a 
transition metal foil, no deposition process needs to occur as processing is simply a 

25 matter of preparing the surface in such a way so as to enhance the electron transfer 
reaction. Alternatively, when depositing the diffusion layer into a porous matrix, the 
metal needs to be deposited in such a way as to ensure intimate contact with pore 
surfaces of the matrix. In this way, delamination and strain effects caused by crystal 
lattice expansion are minimized by virtue of there being a support matrix around the 

30 metal. As is appreciated by those skilled in the art, a metallic film of palladium may be 
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deposited on a silicon substrate and/or a sol-gel derived support structure by 
electroplating, physical vapor deposition, sputtering, or thermal vaporation ion plating. 

5. Electrolyte Utilization Schemes 
5 As noted above, an aspect of the present invention relates to the use of 

novel electrolyte utilization schemes. In this regard, and in one aspect, the present 
invention relates to the impregnation of a polymer electrolyte into the porous silicon 
substrates and/or sol-gel derived support structures having a chemisorbed catalyst 
thereon so as to optimize the three-phase interface between catalyst, fuel and proton- 

10 conducting electrolyte. With respect to the polymer electrolyte associated with the 
various electrode assemblies disclosed herein, it may be a polymer ion-exchange 
membrane - generally of an acid type, such as, for example, a perfluorosulfonic acid 
membrane. Exemplary in this regard, are membranes known as NAFION (E. I. Du Pont 
de Nemours and Company, United States) which are, in general, electrochemically 

15 stable at temperatures up to about 100°C. These membranes have a 
polytetraflouoroethylene (PTFE) polymer chain as a backbone, several units (n = 6-10) 
in length, with a flexible branch pendant to this chain, a perfluorinated vinyl polyether 
(m > 1) with a terminal acidic (sulfonic) group to provide the cation- (proton-) exchange 
capability. As an example, such an ionomer unit may have the following structure 

20 (equivalent weight about 1200): 

— [(CF 2 — CF 2 ) — CF 2 — CF] — 

I (15) 
[OCF 2 — CF(CF 3 )] W — OCF 2 — CF 2 — S0 3 H 

25 

In general, membranes of this type have a high proton conductivity (>2 
Q" 1 • cm" 2 ); the proton transport number is generally unity with a low electro-osmotic 
water transport rate (though the water content may be about 30%). The hydrogen and 
oxygen permeabilities are generally small: 3-5 x 10" 4 cm 3 * cm/cm 2 - h • atm at 
30 25°C. Such a membrane is generally stable against chemical attack in strong bases, 
strong oxidizing and reducing acids, hydrogen peroxide, chlorine, etc., up to 
temperatures of 125°C. In the context of the present invention, the polymer electrolyte 
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is preferably a perfluorosulfonic polymer membrane having a thickness ranging from 
about 20 to 200 microns. 

As is appreciated by those skilled in the art, NAFION is available as a 
5wt% solution in alcohols and water, which when applied to the electrodes disclosed 
5 herein may wet the surface and flow into the pores of the active regions. When dry, the 
polymer tends to stick to the internal surfaces but does not completely fill the channels, 
so that fuel will be able to infuse the structure and protons will be conducted across the 
cell. With a coating of the surfaces inside the porous structure, exceptional catalyst 
utilization and proton transport may be achieved. Figures 6A and 6B illustrate a cross- 

10 sectional view of an exemplary electrode assembly in accordance with an embodiment 
of the present invention, wherein the cross-sectional view has an exploded region that 
depicts a NAFION coating on a pore surface associated with active regions. 

In view of the foregoing disclosure relating to several pertinent aspects 
of the present invention, various embodiments associated therewith are more fully set 

15 forth below (and with reference to several of the accompanying drawings). Thus, and in 
accordance with the embodiment represented by Figures 7A and 7b, the present 
invention is directed to an electrode assembly 700 adapted for use with a fuel cell (not 
shown). In this embodiment, the electrode assembly 700 comprises a planar anode 702 
made from a silicon substrate, an electrolyte layer 704, a planar cathode 706 made from 

20 a silicon substrate, and optionally a blocking layer 708 that is substantially impermeable 
to at least methanol and is substantially permeable to protons. As shown, the planar 
anode 702 and the planar cathode 706 are spaced apart and substantially parallel to each 
other so as to define a spaced apart region 710, wherein the electrolyte layer 704 and 
optional blocking layer 708 are interposed between the planar anode 702 and the planar 

25 cathode 706 and within at least a portion of the spaced apart region 710, and wherein 
the planar anode 702 and the planar cathode 706 are attached to each other by at least 
one bridge member 712 that spans across the spaced apart region 710. As depicted, fuel 
flows through the anode and partially into the electrolyte, whereas flows only through 
the cathode. Several other exemplary electrode assemblies in accordance with other 

30 embodiments of the invention are shown in Figures 8 A - 14B. 
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For purposes of illustration and not limitation, the following examples 
more specifically disclose various aspects of the present invention. 

EXAMPLES 

5 Example 1 

Silicon Substrate Electrode Assembly With Spanning Bridge Members 

This example discloses the processing steps associated with making a 
membrane electrode assembly adapted for use with a fuel cell, wherein the membrane 

10 electrode assembly comprises: a planar anode made from a silicon substrate; an 
electrolyte layer; a planar cathode made from a silicon substrate; and optionally a 
blocking layer that is substantially impermeable to at least methanol and is substantially 
permeable to protons; wherein the planar anode and the planar cathode are spaced apart 
and substantially parallel to each other so as to define a spaced apart region, wherein the 

15 electrolyte layer and optional blocking layer are interposed between the planar anode 
and the planar cathode and within at least a portion of the spaced apart region, and 
wherein the planar anode and the planar cathode are attached to each other by at least 
one bridge member that spans across the spaced apart region. 

In this example, the processing steps consist essentially of (1) the anode 

20 fabrication steps, (2) the cathode fabrication steps, and (3) the anode/electrolyte/cathode 
fabrication steps as set forth below and with reference to Figures 15 to 51. 

Anode Fabrication - The anode fabrication steps involve processing a silicon wafer 
so as to form (1) a plurality of channels, (2) a plurality of porous regions, (3) an 
25 enhanced current conductor, and (4) a chemisorbed catalyst as set forth below: 

1 . 1 Channel - Base Material - Start with a 500 jxm double sided polished silicon 
wafer as shown in Figure 15 (Note that the top side will be referred to as SI and that the 
bottom side will be referred to as S2 in the rest of Section 1 .0). 
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1.2 Channel - nanostrip Immersion - Remove organics adhered to surface of 
silicon by immersing in nanostrip solution for half an hour at room temperature. 

1 .3 Channel - Rinse - Rinse off nanostrip solution with DI H 2 0 three times. 

1 .4 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
5 rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 

minutes. 

1.5 Channel - Silicon Nitride Deposition - Deposit a 1000 A layer of silicon 
nitride via CVD on both sides of the silicon wafer as shown in Figure 16. 

1.6 Channel - Nanostrip Immersion - Remove organics adhered to surface of 
10 silicon nitride by immersing in nanostrip solution. 

1.7 Channel -Rinse - Rinse off nanostrip solution with DI H 2 0 three times. 

1.8 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 
10 minutes. 

15 1 .9 Channel - Primer Deposition - Primer Oven is used to deposit a thin layer of 
hexamethyldilazane to increase the photoresist adhesion on the silicon wafer surface as 
shown in Figure 17. 

1.10 Channel - Spin Coat Resist - Deposit a thin layer of photoresist (which acts 
as a mask so that patterns can be introduced on the nitride layer for selective nitride 

20 etching) with a Spin Coater at 3 5 000 rpm for 30 seconds on one side of the wafer on S2 
as shown in Figure 18. 

1.11 Channel - Post Bake Resist - Place wafer on a hot plate at 145°C for 45 
seconds to harden the resist. 



1.12 Channel - Spin Coat Resist - Deposit a thin layer of photoresist (which acts 
25 as a mask so that patterns can be introduced on the nitride for selective nitride etching) 
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with a Spin Coater at 3,000 rpm for 30 seconds on the other side of the wafer, SI, as 
shown in Figure 19. 

1.13 Channel - Pre-Bake Resist - Place wafer on a hot plate at 90°C for 45 
seconds to semi-harden photoresist for UV exposure preparation. 

5 1.14 Channel - UV Exposure - Transfer pattern on mask onto the photoresist layer 
with a IR contact aligner under UV for 15 seconds on SI as shown in Figure 20. 

1.15 Channel - Develop Pattern - Immerse sample in 1:5 AZ312 MIF:DI H 2 0 
solution for 60 seconds to develop Pattern onto the wafer as shown in Figure 21 . 

1.16 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
10 rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 

minutes. 

1.17 Channel - Post Bake Resist - Place wafer on a hot plate at 145°C for 45 
seconds to harden the resist. 

1.18 Channel - Phosphoric Acid Etch - Selectively remove nitride layer on SI by 
15 immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on duration of 

etching, 30 A/min) as shown in Figure 22. 

1.19 Channel - Rinse - Rinse off phosphoric acid etching solution with DI H 2 0 
three times. 

1 .20 Channel - Resist Strip - Remove the remaining photoresist by immersing in 
20 acetone (removal of strip with acetone is fast). Rinse in nanostrip solution for final 

cleaning at room temperature as shown in Figure 23. 

1 .2 1 Channel - KOH Etch - The pattern from the photoresist is transferred onto SI 
of the silicon substrate by immersing in 30 wt% KOH solution at 80°C (depth is 
dependent on duration of etching, 1.65 - 1.75 |nm/min) as shown in Figure 24. 

25 1.22 Channel -Rinse - Rinse off KOH etching solution with DI H 2 0 three times. 
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1 .23 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 
minutes. 

1 .24 Porous Silicon - Primer Deposition - Primer Oven is used to deposit a thin 
5 layer of hexamethyldilazane to increase the photoresist adhesion on the silicon wafer 

surface as shown in Figure 25. 

1 .25 Porous Silicon - Spin Coat Resist - Deposit a thin layer of photoresist (which 
acts as a mask so that patterns can be introduced on the nitride for selective nitride 
etching) with a Spin Coater at 3,000 rpm for 30 seconds on S2 as shown in Figure 26. 

1 0 1 .26 Porous Silicon - Pre-Bake Resist - Place wafer on a hot plate at 90°C for 45 
seconds to semi-harden photoresist for UV exposure preparation. 

1.27 Porous Silicon - UV Exposure - Transfer pattern on mask onto the 
photoresist layer, S2, with an IR contact aligner under UV for 15 seconds as shown in 
Figure 27. 

15 1 .28 Porous Silicon - Develop Pattern - Immerse sample in 1:5 AZ312 MIF:DI 
H 2 0 solution for 60 seconds to develop pattern onto wafer as shown in Figure 28. 

1.29 Porous Silicon - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 
rpm for 10 minutes. 

20 1 .30 Porous Silicon - Post Bake Resist - Place wafer on a hot plate at 145°C for 
45 seconds to harden the resist. 



1 .3 1 Porous Silicon - Phosphoric Acid Etch - Remove nitride layer on S2 of the 
substrate by immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on 
duration of etching, 30 A/min) as shown in Figure 29. 
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1.32 Porous Silicon - Rinse - Rinse off phosphoric acid etching solution with DI 
H2O three times. 

1.33 Porous Silicon - Resist Strip - Remove the remaining photoresist by 
immersing in acetone (removal of strip with acetone is fast). Rinse in nanostrip solution 

5 for final cleaning at room temperature as shown in Figure 30. 

1.34 Porous Silicon - Aluminum Deposition - Deposit a 500 nm layer of 
aluminum by evaporation deposition for an ohmic contact on SI of the wafer 
(preparation for anodic etching) as shown in Figure 3 1 . 

1.35 Porous Silicon - Thin Film Anneal - Anneal for 30 minutes in an 
10 oxidation/diffusion furnace at 450°C under N 2 gas flow. This will reduce the interface 

resistivity between the aluminum contact and the silicon. 

1 .36 Porous Silicon - Anodic Etch - Substrate is immersed in an HF-H 2 0 solution 
(1% HF - 17% HF), a potential is applied on the substrate to provide a current density of 
12 mA/cm 2 . To provide a thick porous silicon layer, the substrate will be etched for 

15 more than 1,000 seconds. Illumination (UV light source) of the substrate is required for 
n-type silicon substrates as shown in Figure 32. 

1.37 Porous Silicon - Aluminum Strip - Remove the aluminum layer on SI by 
immersing in an aqueous solution containing phosphoric acid, nitric acid, and acetic 
acid at 50°C (depth is dependent on duration of etching, 6,600 A/min) as shown in 

20 Figure 33. 

1 .38 Porous Silicon - Phosphoric Acid Etch - Remove nitride layer on S2 of the 
substrate by immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on 
duration of etching, 30 A/min) as shown in Figure 34. 

1.39 Porous Silicon - Rinse - Rinse off phosphoric acid etching solution with DI 
25 H 2 0 three times. 
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I 1 .40 Current Conductor - Boron Doping - Heat substrate to 950°C under a flow 
| of N 2 and H 2 for 24 hours to enable Boron diffusion from a Planar Diffusion Source 
! (PDS). / ^ 

1 .41 Current Conductor - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
5 substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 

rpm for 10 minutes. 

1 .42 Current Conductor - Sputter Adhesion Layer - Sputter a 500 A thick layer 
of titanium-tungsten onto SI of the substrate. 

1.43 Current Conductor - Sputter Gold - Sputter a 200 A thick layer of gold 
1 0 onto S 1 of the substrate. 

1.44 Catalyst - Pre-Furnace - Heat the silicon substrate to 200°C in air for 2 
hours. 

1.45 Catalyst - Platinum Solution - After the silicon substrate has cooled to 
room temperature, place silicon wafer in an aqueous ammonia solution of 

15 tetraamineplatinum(II) hydroxide hydrate, [Pt(NH 3 ) 4 ](OH) 2 -xH 2 0, at pH 8.5 and stir for 
10 hours. The solution will contain enough platinum complex to deposit a maximum of 
2% weight platinum on silicon, i.e., a 100 mg wafer will be placed in a bath containing 
2 mg of platinum (3.4 mg tetraamineplatinum(II) hydroxide hydrate). 

1.46 Catalyst - Dry - Remove the silicon wafer from the aqueous ammonia 
20 solution and dry in vacuo for 1 hour. 

1.47 Catalyst - Post Furnace - Heat silicon substrate under a flow of 
oxygen/nitrogen (20:80) from RT to 400°C at a rate of 2°C per minute, approximately 3 
hours, and then hold at 400°C for 1 hour. 



1 .48 Catalyst - Ruthenium Solution - After the silicon wafer has cooled to room 
25 temperature, placed silicon wafer in an aqueous ammonia solution of 
hexamineruthenium(III) chloride, [Ru(NH 3 )6]Cl 3 , at pH 8.5 and stir for 10 hours. The 
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solution will contain enough ruthenium complex to deposit a maximum of 1.5% weight 
ruthenium on silicon, i.e., a 100 mg wafer will be placed in a bath containing L5 mg 
ruthenium (4.6 mg hexamineruthenium(III) chloride). 

1.49 Catalyst - Dry - Remove the silicon wafer from the aqueous ammonia 
5 solution and dry in vacuo for 1 hour. 

1.50 Catalyst - Post Furnace - Heat silicon substrate under a flow of 
oxygen/nitrogen (20:80) from room temperature to 400°C at a rate of 2°C per minute, 
approximately 3 hours, and then hold at 400°C for 1 hour. 

1 .5 1 Catalyst - Activation - Heat the silicon wafer under flowing hydrogen. The 
10 temperature should be rapidly increased from room temperature to 400°C at a rate of 

25°C per minute, approximately 15 minutes, and held at 400°C for 4 hours. 

Cathode Fabrication - The cathode fabrication steps involve processing a silicon 
wafer so as to form (1) a plurality of channels, (2) a plurality of porous regions, (3) an 
15 enhanced current conductor, (4) a methanol barrier layer, and (5) a chemisorbed catalyst 
as set forth below: 

2.1 Channel - Base Material - Start with a 500 jam double sided polished silicon 
wafer as shown in Figure 15 (note that the top side will be referred to as SI and that the 
bottom side will be referred to as S2 below). 

20 2.2 Channel - Nanostrip Immersion - Remove organics adhered to surface of 
silicon by immersing in nanostrip solution for half an hour at room temperature. 

2.3 Channel - Rinse - Rinse off nanostrip solution with DI H 2 0 three times. 

2.4 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 

25 minutes. 
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2.5 Channel - Silicon Nitride Deposition - Deposit a 1,000 A layer of silicon 
nitride via CVD on both sides of the silicon wafer as shown in Figure 16. 

2.6 Channel - Nanostrip Immersion - Remove organics adhered to surface of 
silicon nitride by immersing in nanostrip solution. 

5 2.7 Channel -Rinse - Rinse off nanostrip solution with DI H 2 0 three times. 

2.8 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 
minutes. 

2.9 Channel - Primer Deposition - Primer Oven is used to deposit a thin layer of 
10 hexamethyldilazane to increase the photoresist adhesion on the silicon wafer surface as 

shown in Figure 17. 

2. 1 0 Channel - Spin Coat Resist - Deposit a thin layer of photoresist (which acts 
as a mask so that patterns can be introduced on the nitride layer for selective nitride 
etching) with a Spin Coater at 3 3 000 rpm for 30 seconds on one side of the wafer on S2 

1 5 as shown in Figure 18. 

2.1 1 Channel - Post Bake Resist - Place wafer on a hot plate at 145°C for 45 
seconds to harden the resist. 

2. 1 2 Channel - Spin Coat Resist - Deposit a thin layer of photoresist (which acts 
as a mask so that patterns can be introduced on the nitride for selective nitride etching) 

20 with a Spin Coater at 3,000 rpm for 30 seconds on the other side of the wafer, SI, as 
shown in Figure 19. 

2.13 Channel - Pre-Bake Resist - Place wafer on a hot plate at 90°C for 
45 seconds to semi-harden photoresist for UV exposure preparation. 

2.14 Channel - UV Exposure - Transfer pattern on mask onto the photoresist layer 
25 with an IR contact aligner under UV for 1 5 seconds on S 1 as shown in Figure 20. 
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2.15 Channel - Develop Pattern - Immerse sample in 1:5 AZ312 MIF:DI H 2 0 
solution for 60 seconds to develop pattern onto wafer as shown in Figure 21 . 

2.16 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 

5 minutes. 

2.17 Channel - Post Bake Resist - Place wafer on a hot plate at 145°C for 45 
seconds to harden the resist. 

2.18 Channel - Phosphoric Acid Etch - Selectively remove nitride layer on SI by 
immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on duration of 

10 etching, 30 A/min) as shown in Figure 22. 

2.19 Channel - Rinse - Rinse off phosphoric acid etching solution with DI H 2 0 
three times. 

2.20 Channel - Resist Strip - Remove the remaining photoresist by immersing in 
acetone (removal of strip with acetone is fast). Rinse in nanostrip solution for final 

1 5 cleaning at room temperature as shown in Figure 23. 

2.21 Channel - KQH Etch - The pattern from the photoresist is transferred onto SI 
of the silicon substrate by immersing in 30 wt% KOH solution at 80°C (depth is 
dependent on duration of etching, 1 .65 jam/min - 1 .75 jim/min) as shown in Figure 24. 

2.22 Channel -Rinse - Rinse off KOH etching solution with DI H 2 0 three times. 

20 2.23 Channel - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean substrate by 
rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 rpm for 10 
minutes. 

2.24 Porous Silicon - Primer Deposition - Primer Oven is used to deposit a thin 
layer of hexamethyldilazane to increase the photoresist adhesion on the silicon wafer 
25 surface as shown in Figure 25. 
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2.25 Porous Silicon - Spin Coat Resist - Deposit a thin layer of photoresist (which 
acts as a mask so that patterns can be introduced on the nitride for selective nitride 
etching) with a Spin Coater at 3,000 rpm for 30 seconds on S2 as shown in Figure 26. 

2.26 Porous Silicon - Pre-Bake Resist - Place wafer on a hot plate at 90°C for 45 
5 seconds to semi-harden photoresist for UV exposure preparation. 

2.27 Porous Silicon - UV Exposure - Transfer pattern on mask onto the 
photoresist layer, S2, with an IR contact aligner under UV for 15 seconds as shown in 
Figure 35. 

2.28 Porous Silicon - Develop Pattern - Immerse sample in 1:5 AZ312 MIF:DI 
10 H2O solution for 60 seconds to develop pattern onto wafer as shown in Figure 36. 

2.29 Porous Silicon - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 
rpm for 1 0 minutes. 

2.30 Porous Silicon - Post Bake Resist - Place wafer on a hot plate at 145°C for 
15 45 seconds to harden the resist. 

2.31 Porous Silicon - Phosphoric Acid Etch - Remove nitride layer on S2 of the 
substrate by immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on 
duration of etching, 30 A/min) as shown in Figure 37. 

2.32 Porous Silicon - Rinse - Rinse off phosphoric acid etching solution with DI 
20 H 2 0 three times. 

2.33 Porous Silicon - Resist Strip - Remove the remaining photoresist by 
immersing in acetone (removal of strip with acetone is fast). Rinse in nanostrip solution 
for final cleaning at room temperature as shown in Figure 38. 
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2.34 Porous Silicon - Aluminum Deposition - Deposit a 500 nm layer aluminum 
for an ohmic contact on S 1 of the wafer (preparation for anodic etching) as shown in 
Figure 39. 

2.35 Porous Silicon - Thin Film Anneal - Anneal for 30 minutes in an 
5 oxidation/diffusions furnace at 450°C under N 2 gas flow. This will reduce the interface 

resistivity between the aluminum contact and the silicon. 

2.36 Porous Silicon - Anodic Etch - Substrate is immersed in a HF-H 2 0 solution 
(1-17% HF), a potential is applied on the substrate to provide a current density of 12 
mA/cm 2 . To provide a thick porous silicon layer, the substrate will be etched for more 

10 than 1,000 seconds. Illumination (UV light source) of the substrate is required for n- 
type silicon substrates as shown in Figure 40. 

2.37 Porous Silicon - Aluminum Strip - Remove the aluminum layer on SI by 
immersing in an aqueous solution containing phosphoric acid, nitric acid, and acetic 
acid at 50°C (depth is dependent on duration of etching, 6,600 A/min) as shown in 

15 Figure 41. 

2.38 Porous Silicon - Phosphoric Acid Etch - Remove nitride layer on S2 of the 
substrate by immersing in 85 wt% phosphoric acid at 160°C (depth is dependent on 
duration of etching, 30 A/min) as shown in Figure 42. 

2.39 Porous Silicon - Rinse - Rinse off phosphoric acid etching solution with DI 
20 H2O three times. 

2.40 Current Conductor - Boron Doping - Heat substrate to 950°C under a flow 
of N 2 and H2 for 4 hours to enable Boron diffusion from a Planar Diffusion Source 
(PDS). 

2.41 Current Conductor - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
25 substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N2 at 900 

rpm for 10 minutes. 



i 
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2.42 Current Conductor - Sputter Adhesion Layer - Sputter a 500 A thick layer 
of titanium-tungsten onto SI of the substrate. 

2.43 Current Conductor - Sputter Gold - Sputter a 200 A thick layer of gold 
onto S 1 of the substrate. 

5 2.44 Methanol Barrier - Nanostrip Immersion - Remove organics adhered to 
surface of silicon by immersing in nanostrip solution for half an hour at room 
temperature. 

2.45 Methanol Barrier - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 

1 0 rpm for 1 0 minutes. 

2.46 Methanol Barrier - Primer Deposition - Primer Oven is used to deposit a 
thin layer of hexamethyldilazane to increase the photoresist adhesion on the silicon 
wafer surface (note that the Ti-W:Au current conductor is no longer shown for 
simplicity) as shown in Figure 43. 

1 5 2.47 Methanol Barrier - Spin Coat Resist - Deposit a thin layer of Shipley 1400- 
3 1 resist with a Spin Coater at 3,000 rpm for 30 seconds on S2 as shown in Figure 44. 

2.48 Methanol Barrier - Post Bake Resist - Place wafer on a hot plate at 145°C 
for 45 seconds to harden the resist. 

2.49 Methanol Barrier - Prepare Resist - Immerse sample in chlorobenzene 
20 solution for 10 minutes. 



2.50 Methanol Barrier - UV Exposure - Transfer pattern on mask onto the 
photoresist layer with an IR contact aligner under UV for 15 seconds as shown in 
Figure 45. 
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2.51 Methanol Barrier - Develop Pattern - Immerse sample in Microposit. 
Developer Concentrate solution for 60 seconds to develop Pattern onto wafer as shown 
in Figure 46. 

2.52 Methanol Barrier - Rinse and Dry - Use a Verteq Spin/Dryer to (1) clean 
5 substrate by rinsing with DI H 2 0 at 300 rpm for 5 minutes; then (2) dry with N 2 at 900 

rpm for 10 minutes. 

2.53 Methanol Barrier - Post Bake Resist - Place wafer on a hot plate at 145°C 
for 45 seconds to harden the resist. 

2.54 Methanol Barrier - Sputter Diffusion Barrier - Deposit a layer of Ti/W 
10 alloy 100 A thick onto S2 of the porous substrate using the MRC sputtersphere. The 

purpose of this layer is to promote adhesion and prevent reactions between the bulk 
diffusion layer and the substrate. 

2.55 Methanol Barrier - Evaporate Palladium Layer - Deposit the bulk 
palladium (or vanadium) layer onto S2 of the porous substrate using the Temescal E- 

15 Beam evaporator as shown in Figure 47. The thickness of the bulk diffusion layer 
should be twice that of the average porosity of the substrate in order to ensure that there 
are no pin-holes or other defects that would allow methanol to diffuse through the 
methanol blocker. Because of process limitations with respect to the Temescal e-beam 
evaporator, the metal will need to be deposited in 0.5 |um increments, after which 

20 vacuum will need to be broken, the metal source will need to be refilled and vacuum re- 
established. The deposition pressure is 3.0x1 0" 6 Torr and the deposition rate is 100 A 
per minute. 

2.56 Methanol Barrier - Resist Strip - Remove the remaining photoresist by 
immersing in acetone (removal of strip with acetone is fast). Rinse in DI H 2 0 solution 

25 for final cleaning at room temperature as shown in Figure 48. Contacts will be 
approximately 1mm x 1mm with wires approximately 500 |im. 
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2.57 Methanol Barrier - Anneal - Anneal the bulk diffusion layer covered porous 
substrate in an atmosphere of argon gas for 1 hour at 300°C. 

2.58 Methanol Barrier - Electrochemically Clean - Place the bulk diffusion 
layer covered porous substrate into the substrate cleaning bath. The bath is a solution of 

5 sulfuric acid with a pH of 1. Apply a potential to the substrate of between +0.8 and 
+ 1 .6 V for one minute. This step is employed in order to remove any surface oxides or 
contaminates from the exposed surface of the bulk diffusion layer. 

2.59 Methanol Barrier - Electroplate Palladium - Place the bulk diffusion 
layer covered porous substrate into the palladium electroplating bath. Deposit a layer of 

10 palladium 0.5 |um thick from a palladium bath consisting of lOg/L palladium (Pd Bath 
450, Degussa AG, Schwabisch Gmund, West Germany) at a deposition rate of 0.26 
jim/min at 0.5 to 2 A/dm 2 . The plating bath should not exceed 35°C. 

2.60 Methanol Barrier - Ultrasonically Clean - Suspend the palladium 
electroplated bulk diffusion layer in a DI-H 2 0 rinse bath for 20 minutes and 

1 5 ultrasonically agitate. 

2.61 Methanol Barrier - Electroplate Platinum - Place the bulk diffusion layer 
covered porous substrate into the platinum electroplating bath. Deposit a layer of 
platinum 0.5 |im thick from a platinum bath (Pt 5Q from Johnson Matthey) at pH of 
10.6 and at 2 mA/cm 2 at 95°C. 

20 2.62 Methanol Barrier - Ultrasonically Clean - Place the palladiumiplatinum 
electroplated bulk diffusion layer into the DI-H 2 0 rinse bath for 20 minutes and 
ultrasonically agitate. 

2.63 Methanol Barrier - Anneal - Anneal the bulk diffusion layer covered porous 
substrate in an atmosphere of argon gas for 1 hour at 300°C. 

25 2.64 Catalyst - Pre-Furnace - Heat the silicon substrate to 200°C in air for 2 
hours. 
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2.65 Catalyst - Platinum Solution - After the silicon substrate has cooled to 
room temperature, place silicon wafer in an aqueous ammonia solution of 
tetraamineplatinum(II) hydroxide hydrate, [Pt(NH 3 )4](OH)2-xH 2 0, at pH 8.5 and stir for 
10 hours. The solution will contain enough platinum complex to deposit a maximum of 

5 2% weight platinum on silicon, i.e., a 100 mg wafer will be placed in a bath containing 
2 mg of platinum (3.4 mg tetraamineplatinum(II) hydroxide hydrate). 

2.66 Catalyst - Dry - Remove the silicon wafer from the aqueous ammonia 
solution and dry in vacuo for 1 hour. 

2.67 Catalyst - Post Furnace - Heat silicon substrate under a flow of 
10 oxygen/nitrogen (20:80) from RT to 400°C at a rate of 2°C per minute, approximately 3 

hours, and then hold at 400°C for 1 hour. 

2.68 Catalyst - Activation - Heat the silicon wafer under flowing 1% H 2 in N2. 
The temperature should be rapidly increased from room temperature to 400°C at a rate 
of 25°C per minute, approximately 15 minutes, and held at 400°C for 4 hours. 

15 

Mea Fabrication - The MEA fabrication or the anode/electrolyte/cathode assembly 
steps involves further processing the anode and cathode so as to form a membrane 
electrode assembly by (1) wafer bonding the anode and cathode together, and 
(2) depositing a solid polymer electrolyte between the anode and cathode as set forth 
20 below: 

3 . 1 Wafer Bonding - Glass Deposition - Glass (Corning type 7740) paste screen 
printing, 25 microns wet condition, on S2 of the anode as shown in Figure 49. The 
paste shall be dried off and binder is burned out in air at 300°C. 

3.2 Wafer Bonding - Wafer Bond - The two electrodes are aligned and pressed 
25 together gently. The assembly is heated to 300°C - 500°C. A constant pressure of 

0.5 - 1 lb/cm 2 is applied to the assembly. The assembly is maintained at elevated 
temperature and pressure for at least 30 minutes. The assembly, as shown in Figure 50, 
is cooled down slowly afterwards. 
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3.3 Solid Electrolyte Polymer - Clean - Clean piece to be impregnated by 
soaking in semiconductor-grade isopropanol (or ethanol or methanol) for several hours. 
Rinse with same solvent. 

3.4 Solid Electrolyte Polymer - Dry - Dry porous structure by baking in 
5 vacuum oven at 200°C -300°C for several hours. Cool back to room temperature under 

vacuum. 

3.5 Solid Electrolyte Polymer - Prime Deposition - Primer Oven is used to 
deposit a thin layer of hexamethyldilazane to increase the Nafion adhesion on the 
silicon wafer surface. 

1 o 3.6 Solid Electrolyte Polymer - Nafion Solution - Immerse piece immediately 
in commercially available Nafion solution, bubbles should rise from the surface 
indicating solution displacing air inside the pores. Leave uncovered until solution 
evaporates as shown in Figure 51. 

3.7 Solid Electrolyte Polymer - Cure - To cure onto the surface and dry out 
1 5 any excess solvent, bake in vacuum oven at no higher than 130°C for 1 hour. 

Example 2 
silicon substrate electrode assembly 

This example discloses the processing steps associated with making an 
20 membrane electrode assembly adapted for use with a fuel cell, wherein the membrane 
electrode assembly comprises: a planar anode made from a silicon substrate; an 
electrolyte layer; a planar cathode made from a silicon substrate; and optionally a 
blocking layer that is substantially impermeable to at least methanol and is substantially 
permeable to protons; wherein the planar anode and the planar cathode are spaced apart 
25 and substantially parallel to each other so as to define a spaced apart region, wherein the 
electrolyte layer and optional blocking layer are interposed between the planar anode 
and the planar cathode and within at least a portion of the spaced apart region. 
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In this example, the processing steps consist essentially of (1) the anode 
fabrication steps, (2) the cathode fabrication steps, and (3) the anode/electrolyte/cathode 
fabrication steps. However, the anode and cathode fabrication steps in this example are 
identical to the anode and cathode fabrication steps of Example 1 ; therefore, these steps 
5 are not repeated here. Rather, the difference in this example (and resulting electrode 
assembly structure) reside in the MEA fabrication or the anode/electrolyte/cathode 
assembly steps. Accordingly, only the further processing steps with the MEA 
fabrication are set forth below, with reference to Figures 52 to 54: 

10 3.1 Solid Electrolyte Polymer - Clean - Clean both the anode and cathode to 
be impregnated by soaking in semiconductor-grade isopropanol (or ethanol or 
methanol) for several hours. Rinse with same solvent. 

3.2 Solid Electrolyte Polymer - Dry - Dry porous structure by baking in 
vacuum oven at 200°C - 300°C for several hours. Cool back to room temperature under 

15 vacuum. 

3.3 Solid Electrolyte Polymer - Prime Deposition - Primer Oven is used to 
deposit a thin layer of hexamethyldisiloxane to increase the Nafion adhesion on the 
silicon wafer surface. 

3.4 Solid Electrolyte Polymer - Nafion Solution - Immerse piece immediately 
20 in commercially available Nafion solution, bubbles should rise from the surface 

indicating solution displacing air inside the pores. Leave uncovered until solution 
evaporates. 

3.5 Solid Electrolyte Polymer - Cure - To cure onto the surface and dry out 
any excess solvent, bake in vacuum oven at no higher than 130°C for 1 hour. 

25 3.6 Solid Electrolyte Polymer - Nafion Solution - Spin coat 3 ml of Nafion 
117 solution at 900 rpm for 30 seconds onto S2 of both electrodes, as shown in Figures 
52 and 53, respectively. 



